We investigate electronic transport in graphene nanojunctions and find that the transmission ͑or the conductance͒ can exhibit a nonmonotonic behavior with respect to variation in the strength of disorder, mimicking a stochastic resonance. The general setting for this remarkable phenomenon is where the graphene device possesses localized states in the absence of disorder, i.e., the localized edge states specific to graphene. A small amount of disorder can then break the localization and lead to an enhancement in the transmission. For strong disorder, Anderson localization ͓Phys. Rev. 109, 1492 ͑1958͔͒ sets in, causing the transmission to decrease. The phenomenon is robust and can occur with or without magnetic field. © 2010 American Institute of Physics. ͓doi:10.1063/1.3460291͔
Graphene, a sheet of honey-comb lattice of carbon atoms, has attracted much recent attention.
1 High electron mobility 2 and effectively relativistic motions make graphene appealing to various device applications ranging from nanoelectronics to state-of-art nanobiodevices such as p-n junctions and transistors, spintronics, flexible and transparent photonic devices, cellular interfaces, DNA sequencing, and DNA transistors. In experimental studies and device research, various impurities and dislocations are intrinsically present or are artificially doped into graphene. It is of paramount interest to investigate the effect of such disorders on the electronic transport properties in graphene-based nanodevices. In this regard, recent works have revealed that, for transport through a graphene nanoribbon, a disorder potential induced by charged impurities or edge roughness effectively forms quantum dots along the ribbon, which can open up the band gap 3, 4 or induce localization of electron states to turn the ribbon into an insulator. 5 Large conductance fluctuations have been observed in weakly disordered graphene. 6 For quantum Hall effect, the Hall plateaus can be destroyed by disorder through the float-up of extended levels toward the band center. 7 Distinct conductance plateaus have been found in graphene p-n junctions made of weakly disordered nanoribbons in the presence of magnetic field. 8 It has been known that disorder or noise in physical and biological systems can sometimes enhance the system performance through the mechanism of stochastic resonance ͑SR͒.
9 While in micro/nanoelectronic devices, disorder usually results in enhanced scattering during electron transport and induces localization, 10 under certain conditions disorder can increase the transmission. 8, 11 In Ref. 12, the geometrical effect of structural nanoconstrictions on the transport properties of otherwise ideal zigzag graphene ribbons has been studied, with the finding that the zero-bias current is robust but the curve shape of the conductance is sensitive to the constriction geometry and edge defects. In this letter, we focus on graphene nanojunctions and address the question: can the conductance be maximized by a proper amount of disorder? Our main result is an affirmative answer and a qualitative explanation. In particular, the necessary condition for this SR-like phenomenon is found to be the occurrence of some type of localized states in the absence of disorder. This, for example, can be Landau-level states in the presence of a magnetic field, which is common for many two-dimensional electron-gas systems, or it can be the spatially localized edge states along part of the zigzag boundary in a graphene junction. A small amount of disorder then perturbs the localized state and "opens up" transmitting channels, leading to an enhanced transmission. When the disorder becomes strong, another common type of localization, Anderson localization, 10 sets in, reducing the transmission. Transmission thus reaches a maximum for an intermediate level of disorder, giving rise to the SR phenomenon. The mechanism suggests that the SR can occur in graphene nanojunctions, regardless of the presence of a perpendicular magnetic field, which has indeed been verified numerically. While SR is a robust phenomenon in disordered or noisy systems, to our knowledge, its occurrence in graphene nanojunctions and the underlying mechanism based on the localized states have not been reported prior to our work.
We use the tight-binding model and the LandauerBüttiker formalism in combination with the nonequilibrium Green's function method to calculate the conductance and the local density of states ͑LDS͒ 13,14 for our disordered graphene system. 7, 8, 15 For graphene nanojunction, the left ͑right͒ lead has a potential E L ͑E R ͒. Due to the applied potential, in the device region the on-site energy varies linearly with the location as follows: uted in the range ͓−W / 2,W / 2͔. Depending on the potential E L and E R , the device can be a p-n, a p-p, or an n-n junction.
In the presence of a magnetic field B, there will be a phase shift in the hopping energy given by ij = ͐ j i A · dr / 0 , where the vector potential is A = ͑−By ,0,0͒ under the Landau gauge and 0 = h / e is the magnetic flux quanta. For convenience, we use the magnetic flux = BS through a hexagonal plaque as the control parameter, the area of which is S = ͱ 3a 2 / 2 = 5.24 Å 2 . We start with an H-shaped graphene junction 12 as shown in Fig. 1͑a͒ with zigzag horizontal boundaries. Figure 1͑b͒ shows, for a given set of the lead potential and magnetic flux , conductance G versus the disorder strength W. As W increases from 0, conductance is enhanced, indicating that a small amount of disorder can facilitate transmission. Further increase in disorder suppresses the conductance. This leads to a resonant behavior in the conductance as a function of the disorder strength. Phenomenologically, this resembles SR ͑Ref. 9͒ in that the outcome ͑conductance͒ is optimized by a proper degree of the disorder. To explore whether the resonance phenomenon is robust, we carry out systematic computations by varying the lead potential. The results are shown in Fig. 2 . For most E R values, a maximum conductance can be achieved for some optimal value of W between 2 and 3. In addition, we have tested different values of E L for different shapes of the device and found that the resonance phenomenon persists. To gain insights into the mechanism of the resonance phenomenon, we calculate the typical LDS patterns, as shown in Fig. 3 . In the absence of any disorder, under magnetic field coherent localized Landau-level states are formed in the device ͓Fig. 3͑a͔͒, which suppresses the transmission. A small amount of disorder perturbs the Landau-level states and bridges these states with the transmission modes in the leads, thereby enhancing the conductance. Signature of this mechanism can be seen from Fig.  3͑b͒ , where the Landau-level state loses much of its coherence and is superimposed with inhomogeneous random perturbations. However, if the disorder is too strong, it forms localized state via the mechanism of Anderson localization, where the spatial range of the localization is much smaller than the size of the junction, as shown in Figs. 3͑d͒ and 3͑e͒ . In this case, the transmission becomes small again. With conductance increasing in the small disorder range and decreasing in the strong disorder case, there must be a maximum value for an intermediate strength of disorder which, in the case of Fig. 1͑b͒ and Fig. 3 , is located at W Ϸ 1.9.
The above mechanism of SR is through the breaking of Landau-level states when magnetic field is present. In fact, for graphene nanojunctions, another form of localization states exists even in the absence of magnetic field: edge states along the zigzag boundary. In this case, disorder can break this localization state and give rise to SR, which has indeed been observed for a class of wedge-shaped graphene junctions 12 ͓Fig. 4͑a͔͒. Figure 4͑b͒ shows the results of the averaged conductance in the ͑W , E R ͒ plane. From the figure, we can see that in the range of −0.1Ͻ E R Ͻ 0 and 0.05 Ͻ E R Ͻ 0.35, the conductance generally exhibits the SR behavior as the disorder strength W is increased from zero. As in the case with magnetic field, the optimal disorder strength maximizing the conductance changes with E R , and the shape of the curve of G versus W also changes for different values of E R . However, the feature that an appropriate disorder strength maximizes the conductance persists. For this case, unlike the breaking of Landau-level states in a magnetic field, it is the edge state that is localized. The boundary is zigzag and the two leads are gated to different potentials with opposite sign. Since the edge states only occur along the zigzag boundaries where the energy is about zero, it happens only in the region where i Ϸ 0. Thus for this case the edge state is not only localized in the perpendicular direction to the boundary ͑as in the zigzag ribbon case͒, but also localized along the boundary, effectively eliminating transmission associated with this mode. To visualize the localized edge states, we calculate the LDS patterns for a typical case, as shown in Fig. 5͑a͒ , where the localization along the boundary is apparent, resulting in small transmission. As disorder is introduced into the system, the localized state becomes broadened, as shown in Fig. 5͑b͒ , giving rise to a higher probability for the electrons to couple to the transmission modes in the leads and leading to an enhanced conductance. For a stronger degree of disorder, Anderson localization emerges, the transmission becomes small again, as shown in Figs. 5͑c͒ and 5͑d͒. Also note that in this case the optimum disorder strength is much smaller, i.e., W opt ϳ 0.1 ͑versus W opt ϳ 2͒ in Fig. 2 . Although the SR shown in Fig. 4͑b͒ is stable for small variations in lead potentials and junction shapes, it generally will be washed out if the change is large.
In conclusion, we have discovered an SR like phenomenon for transport in disordered graphene nanojunctions. Generally, when the system possesses localized states that hamper electronic transport ͑e.g., edge states in the absence of magnetic field or Landau-level states under magnetic field͒, a small amount of disorder can perturb the localized states and, under certain circumstances, open up "channels" for electrons to be coupled to the transmission modes in the leads, thereby enhancing the conductance. For strong disorder, Anderson localization emerges and turns the junction into an insulator. This resonance phenomenon can be exploited for realistic applications of disordered graphene nanojunctions where the conductance can be controlled by the strength of disorder. 
